Abstract-Future wireless networks demand multicarrier modulation schemes with improved spectrum efficiency and superior spectrum containment. Orthogonal frequency division multiplexing (OFDM) has been the favorite technique in recent developments, but due to its limited spectrum containment, various alternative schemes are under consideration for future systems. Theoretically, it is not possible to reach maximum spectrum efficiency, high spectral containment, and orthogonality of subcarriers simultaneously, when using quadrature amplitude modulation (QAM) for subcarriers. This has motivated the study of non-orthogonal multicarrier modulation schemes. This paper focuses on the filtered multitone (FMT) scheme, one of the classical configurations of filter bank multicarrier (FBMC) modulation utilizing QAM subcarrier symbols. Our main aim is to improve the spectral efficiency of FMT by introducing controlled overlap of adjacent subchannels. An analytical model is developed for evaluating the tradeoffs between spectrum efficiency and intercarrier interference (ICI) introduced by the overlap. An efficient fast convolution waveform processing scheme is adopted for the generation of the proposed waveform. It allows effective adjustment of the roll-off and subcarrier spacing to facilitate waveform adaptation in real time. Analytical studies, confirmed by simulation results, indicate that the proposed FMT system can obtain significant spectral density improvement without requiring additional ICI cancellation techniques.
I. INTRODUCTION
The future cellular communication system generations are expected to support, in a unified framework, a wide scale of services, such as enhanced mobile broadband (eMBB) with Gbps data rates, massive machine type communications (mMTC), as well as ultra-reliable and low latency machine type communications (URRLC) [1] . There is a widespread agreement that such an ambitious goal will be realized in a combination of asynchronous heterogeneous network scenarios, requiring the physical modulation schemes with several challenging elements, including superior spectrum containment, improved bandwidth efficiency, etc. The well-known cyclic prefixed orthogonal frequency division multiplexing (CP-OFDM) is not suitable for such co-existence scenarios, because its good performance is guaranteed only when synchronism and inter-subcarrier orthogonality are strictly maintained. Specifically, CP-OFDM has one major limitation, i.e., poor side-lobe confinement due to the use of rectangular pulse shape, which results in high out-of-band emissions (OBE) [2] , This work was supported by the Academy of Finland under Project 284724. [3] . The high level of spectral side lobes makes it necessary to have wide guardbands between asynchronous multiplexes, and OFDM sidelobe control has gained a lot of attention since early 2000's [4] . Recently, in the 5G context, this issue has gained more interest and the strong candidate waveforms include filtered OFDM schemes [5] , [6] , [3] , [7] .
An attractive alternative to CP-OFDM based schemes for the considered scenarios is the class of filter bank multicarrier (FBMC) modulation. A relatively widely studied filter bank based waveform is FBMC/OQAM (filter bank multicarrier/offset-QAM, also known as OFDM /OQAM) [8] , [9] . FBMC/OQAM is characterized by overlapping subchannels with maximum density, lack of CP, and the need for offset-QAM subcarrier modulation to reach orthogonality. However the offset-QAM signal structure introduces various challenges regarding effective pilot schemes for synchronization and channel estimation, as well as certain multi-antenna configurations, especially Alamouti space-time coding.
QAM symbol transmission and maximum spectral efficiency are two crucial issues in future FBMC developments. One interesting recent proposal is a scheme named as filterbank multicarrier-quadrature amplitude modulation (FBMC-QAM) [10] , [11] . This proposal adopts two different prototype filters, different for the even and odd-indexed subcarriers, and performs the QAM transmission with maximum spectral efficiency. However, the subcarriers of FBMC-QAM do not maintain orthogonality. FBMC-QAM variants [12] have also been considered using common FBMC/OQAM prototype filters, like the PHYDYAS filter bank [13] , which results in similar level of intercarrier interference (ICI).
Another well-known orthogonal FBMC scheme is filtered multitone (FMT) [14] . The main benefit of FMT, comparing with FBMC/OQAM, is that basic QAM modulation can be used in subcarriers, which allows more direct application of pilot based synchronization and channel estimation schemes, as well as multi-antenna configurations developed for CP-OFDM. On the other hand, an FMT system needs higher subcarrier spacing than OFDM or FBMC/OQAM. In other words, the orthogonality of an FMT is reached at the expense of sacrificing the spectral efficiency. FMT is using squareroot raised-cosine (RRC) type Nyquist pulse shaping for subcarriers, and reducing the roll-off allows to reduce the subcarrier spacing, improving the spectrum efficiency. Howe- ver, small roll-off means high filter order, leading to increased complexity and long impulse response tails in transmission bursts.
In this paper we investigate possibilities to improve FMT's characteristics by allowing controlled amount of overlap between subchannels. This compromises the orthogonality but improves spectrum efficiency with reasonable values of roll-off and filter order. We present a flexible and effective scheme for implementing FMT with overlapping subchannels (O-FMT) based on the fast-convolution (FC) processing, which has recently been introduced in the waveform processing context [15] , [16] . In Section II we develop an analytical model for ICI as a function of subchannel overlap and roll-off. The generation of O-FMT using FC filter bank is presented in Section III and Section IV gives the performance evaluation in terms of spectrum efficiency vs. interference level. Conclusions are included in Section V.
II. INTERCARRIER INTERFERENCE ANALYSIS
The main idea of O-FMT is compared with basic FMT in Fig. 1 , where RRC filter with roll-off factor of 1 is used as the prototype filter. In O-FMT, the subcarrier spacing is reduced when compared to FMT with non-overlapping adjacent subchannels. The overlap of subcarriers introduces ICI. In this section, our target is to express the ICI analytically in terms of subcarrier spacing and roll-off.
The main parameters in the following analysis are defined as follows:
• β is the roll-off factor • f s is the sampling rate • N is the subchannel oversampling factor • f c = f s /N is the subcarrier symbol rate • (1 + β)f c is the subcarrier spacing in FMT • (1 + β)f c − ∆f is the subcarrier spacing in O-FMT • ω c = 2π/N and ∆ω = 2π∆f are the normalized angular frequencies corresponding to f c and ∆f .
The amplitude response of the prototype RRC filter (DC subchannel) can be expressed as
where ω Let us then analyze the crosstalk between subcarriers in O-FMT. Without loss of generality, we can consider the overlapping part of subchannels 0 and 1, with center frequencies at 0 and (1 + β)ω c − ∆ω = 2ω 2 − ∆ω. The overlapping region has left and right edges at ω L = ω 2 − ∆ω and ω R = ω 2 , respectively. In this region, the RRC frequency responses of subchannels 0 and 1 can be expressed as
In the absence of channel attenuation and frequency selectivity, the received subcarrier power is given by S = B 4 /4 and the interference power can be evaluated as
Starting from a simplified form of the integrand, it can be developed as follows:
Since ω 2 − ω 1 = βω c , we can write:
∆ω 2
Now the normalized interference power can be developed further as follows:
Finally, the integration gives:
This expression gives the power leakage between adjacent subcarriers. Most of the subcarriers receive interference from both sides. Therefore, the signal-to-interference ratio (SIR) of edge subcarriers is S/P i and the SIR of other subcarriers is S/(2P i ).
III. GENERATION OF OVERLAPPING FMT
Our target is to develop a dynamic O-FMT system, where the roll-off and subcarrier spacing can be adjusted in real-time based on user requirements, network load, and interference scenario. However, it is quite complicated to implement such a scheme using the traditional time-domain polyphase filter bank techniques, even for simulation based testing of the idea. This paper uses a special implementation scheme for multirate filters and filter banks which is based on fast-convolution (FC) processing [15] , [16] , [17] . The main idea of FC is that a high-order filter can be implemented effectively through multiplication in frequency-domain, after taking DFTs of the input sequence and the filter impulse response. In practice, efficient implementation techniques, like FFT/IFFT, are used for the transforms, and overlap-save processing is applied for processing long sequences. The application of FC to multicarrier waveform processing was presented in [16] , and the authors have introduced the idea of FC-implementation of FMT systems in [17] as well.
One very important feature of the FC structure in this context is that the RRC-type sub-channel filters can be constructed in FFT-domain in a flexible way. This is based on using fixed transition band weights for different subchannel bandwidths. The weight mask can be obtained readily by frequency sampling the transition band of the RRC function. The overall frequency-domain weight mask consist of two symmetric transition bands, 1-valued passband, and 0-valued stopband. Using a single prototype transition band, the rolloff factor of each subchannel can be tuned by adjusting the passband width. For 2x-oversampled subchannel signals, the short transform length in FC processing should be twice the 3 dB bandwidth. This is achived by having 2p + 1 ones in the passband, p + 1 zeros in the lower stopband and p zeros in The other interesting feature of FC processing is the flexibility of subcarrier spacing, since all operations are performed in the FFT-domain. Fig. 3 shows two examples, one with nonoverlapping subchannels, another one with the overlap of three FFT bins between adjacent subchannels. The only difference is the center frequency setting of each subchannel, which can be dynamically adjusted in FC-based implementation.
Frequency sampling of the RRC function is a straightforward way to design the subchannel filters for O-FMT. However, using the optimization methods presented in [16] , it possible to enhance the performance of RRC-type filters for FMT. This has an effect on the inband interference within each subcarrier and ICI between subcarriers. In basic (nonoverlapping) FMT, these interference effects are primarily due to circular distortion appearing with smaller overlapping Fig. 4 compares the analytical SIR performance derived in Section II with simulation results in a case where the long FFT length of FC is 1024, the transition bands consist of t = 7 non-trivial weights, and the roll-off factors of β = {1, 0.8, 0.5, 0.2} are used. Here the simulation model uses transition band weights which are derived from the RRC function by frequency sampling. The 'Spectrum density' on the horizontal axis is defined as the inverse of the normalized subcarrier spacing. In the non-overlapping FMT cases, this . We can see very good match between analytical and simulation results in the range where the SIR is below 40 dB. Beyond this range, when there is no subchannel overlap, the circular distortion in FC processing with the used overlap of 0.5 dominates the interference. Fig. 5 shows the simulated performance with optimized filter weight coefficients, with wider set of roll-off factors, while the configuration is otherwise the same as in Fig. 4 . We can see that the circular interference level is significantly reduced and, remarkably, the interference due to subchannel overlap is reduced as well.
IV. PERFORMANCE EVALUATION
Based on Fig. 5 , we can evaluate the spectrum density with reasonable interference levels. This depends on the used subcarrier modulation order, and the acceptable SIR level can be based on the error vector magnitude (EVM) specifications of the LTE system. For QPSK modulation the maximum EVM is 17.5%, corresponding to 15 dB SIR. Taking a 3 dB safety margin, we check different combinations of roll-off and overlap reaching 18 dB SIR. This is reached with β = 0.5 and subchannel overlap of 6 FFT bins, and the resulting spectrum density is 0.89. As an other alternative, with β = 0.2 and overlap of 7 FFT bins, the resulting spectrum density is 0.975. For 16-QAM modulation, the maximum EVM is 22 dB (8%) and 25 dB SIR is reached, e.g., with β = 0.5 and overlap of 5 FFT bins or β = 0.2 and overlap of 5 FFT bins, giving spectrum densities of 0.84 and 0.93, respectively. In nonoverlapping FMT, the corresponding spectral densities with β = 0.5 and β = 0.2 are 0.67 and 0.83, respectively, so we can see that significant increase in spectrum efficiency can be reached by O-FMT, e.g., 33% with QPSK and β = 0.5 and 15% with QPSK and β = 0.2. Fig. 6 shows the scatter diagram for the O-FMT case with 16-QAM modulation, β = 0.2, and 5-bin overlap, for both filter designs. This demonstrates again that the optimized filter design helps to reduce the interference significantly.
With the used transition bandwidth of 8 FFT bins, the resulting subchannel bandwidths with β = 0.5 and β = 0.2 are 24 and 48 FFT bins, respectively. Reducing the relative transition bandwidth increases the circular distortion effects and requires the use of higher overlap. Depending mainly on the used modulation order, transition bandwidths of 4 or 5 FFT bins may be possible, resulting in proportional decrease 
V. CONCLUSION
It was demonstrated that the fast-convolution filter bank approach provides an effective and flexible way for implementing overlapping FMT systems with adjustable roll-off and adjustable subchannel overlap. FC-FB is used for waveform processing both on the transmitter and receiver sides, and it supports also effective subchannel equalization [18] . An accurate analytical model was developed for the ICI produced by subchannel overlap. Here it was applied for FC weight masks obtained through frequency sampling the RRC function, but the same approach can be applied for any subchannel filter design. The subchannel filter weight mask optimization was found to give significantly reduced interference due to overlap, in addition to relaxing the effects of circular distortion due to finite overlap in FC processing. Numerical results demonstrated 15% to 30% increased spectrum density for O-FMT, compared to basic FMT, depending on the modulation order and roll-off.
FC-FB based O-FMT allows effective adjustment of the rolloff and subcarrier spacing to facilitate waveform adaptation in real time depending on the targeted modulation and coding scheme (MCS). It is also possible to use simultaneously different numerologies (regrading subchannel bandwidth, rolloff, and subchannel overlap) for different users' groups of subcarriers. Also FC-FB based implementations have been found to be more efficient than polyphase filter banks for FMT (and also for FBMC/OQAM) in terms multiplication rate as a basic computational complexity metric [17] .
Preliminary studies indicate that the peak-to-average power ratio (PAPR) characteristics of O-FMT are quite similar to those of OFDM and FBMC/OQAM with the same number of subcarriers.
